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Abstract

Background: Biologic therapies inhibiting the interleukin (IL) 4 or 5 pathways are very effective
in the treatment of asthma, and other related conditions. However, the IL-4 and IL-5 cytokines
also play a role in the generation of adaptive immune responses. Although these biologics do not
cause overt immunosuppression, their effect in primary SARS-CoV-2 immunization has not been
completely studied.

Objective: To evaluate the antibody and cellular immunity after SARS-CoV-2 mRNA
vaccination in patients on biologics (PoB).

Methods: We enrolled patients with severe asthma or atopic dermatitis on benralizumab,
dupilumab or mepolizumab who received the initial 2-dose SARS-CoV-2 mRNA vaccination
adults in a prospective, observational study. As our control group we used a cohort of
immunologically healthy subjects (no significant immunosuppression) who were not on biologics
(NB). We used a multiplexed immunoassay to measure antibody levels, neutralization assays to
assess antibody function, as well as flow cytometry to quantitate Spike-specific lymphocytes.

Results: We analyzed blood from 57 PoB and 46 control subjects from NB group. PoB had
lower levels of SARS-CoV-2 antibodies, pseudovirus neutralization, live virus neutralization, and
frequencies of Spike-specific B and CD8 T cells at 6 months post vaccination. In subgroup
analyses, patients with asthma on biologics had significantly lower pseudovirus neutralization
compared to subjects with asthma who were not on biologics.

Conclusion: PoB have reduced SARS-CoV-2-specific antibodies, neutralizing activity, as well
as virus-specific B and CD8 T cells. These results have implications in considering developing a
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more individualized immunization strategy in patients who receive biologic medications blocking
IL-4 or IL-5 pathways.
Capsule Summary

In a prospective observational study, patients with asthma or atopic dermatitis treated with
benralizumab, dupilumab, or mepolizumab exhibited lower post-vaccination SARS-CoV-2
antibody levels, neutralization activity, and Spike-specific lymphocyte memory responses than
subjects not on biologics.

Keywords

Asthma biologics; SARS-CoV-2; COVID-19; mRNA vaccines; benralizumab; dupilumab;
mepolizumab; antibody neutralization; memory B cells; memory T cells

Introduction:

Within the first twelve months of the COVID-19 pandemic, two novel mRNA vaccines
were developed and approved by the United States Food and Drug Administration (FDA)
for emergency use: Pfizer-BioNTech’s Comirnaty and Moderna’s Spikevax. Upon two-dose
administration, both vaccines conferred approximately 95% protection from infection with
the wild type (WT) SARS-CoV-2 (1, 2), but the antibody response waned substantially over
time (3, 4) and the breadth of neutralization against the emerging variants was low (5, 6).
Furthermore, individual responses were highly variable, and some vulnerable populations
did not mount adequate immunity (3, 7).

Some patients with asthma can have frequent symptoms and exacerbations, leading to

poor quality of life and unscheduled healthcare visits. Many often benefit from biologic
therapies that reduce symptoms, prevent exacerbations, and improve lung function (8).
These biologic immunomodulators target various cytokines critical for disease pathogenesis,
including interleukins (IL)-4, -5, and —13. However, these cytokines also play important
roles in coordinating normal immunity. Although treatments with biologics are not generally
associated with major risks of viral or bacterial infection, the extent of impairment of
immune responses following primary SARS-CoV-2 vaccination remains unknown.

The IL-4 pathway, targeted by dupilumab, is essential for B cell development (9) as well

as antibody class switching to immunoglobulins (1g) E and G4 (10). Studies with IL-4
knock-out mice have shown lower levels of 19G; (equivalent to human 1gG,4) and IgE (11).
Additionally, CD4 T follicular helper cells (Tgy) in germinal centers (GC) secrete IL-4 to
promote the development of plasma cells (PC) and facilitate affinity maturation (12). Studies
have also shown that IL-4 is necessary for the development of memory CD8 T cells (13).
Interestingly, the IL-13 signaling pathway, also inhibited by dupilumab, has been implicated
in B cell proliferation (14) and its administration to immunized mice increases antibody
levels (15).

IL-5, directly targeted by mepolizumab, or indirectly through its receptor by benralizumab,
plays an essential role in maintaining humoral immunity. In mice, IL-5 is important for

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Runnstrom et al.

Methods:

Page 4

differentiation and survival of PC, which are responsible for long-term antibody production
(16-18). Bone marrow (BM) PC depend on eosinophil-secreted survival factors (19), and
anti-1L-5 treatments result in decreased eosinophils and plasma cells (20). Moreover, these
animal models of eosinophil depletion and IL-5 deficiency have shown reduced antibody
levels after vaccination or infection (19, 21). Interestingly, mucosal antibody-secreting cells
(22) and BM long-lived PC (unpublished data from our laboratory) have surface expression
of the IL-5 receptor a suggesting that these cells which are responsible for durable humoral
immunity may be bystander targets of benralizumab.

IL-4, IL-5 and IL-13 not only are implicated in atopic pathogenesis but are also essential
cytokines of the normal immune response. Thus, blocking these cytokine pathways may
have some unintended consequences. Prior studies assessing short-term vaccine response
to a secondary vaccination found similar responses with severe asthma or atopic dermatitis
treated with or without biologic therapies (23, 24). However, neither study evaluated a
primary vaccination or response beyond four weeks post-immunization.

To address this gap in knowledge, we conducted a prospective observational study
evaluating the immunity generated by a primary SARS-CoV-2 mRNA 2-dose vaccination
regimen in patients treated with benralizumab, dupilumab or mepolizumab. We previously
reported that patients on biologics (PoB) have reduced SARS-CoV-2-specific antibody
responses at 3 months, compared to subjects not on biologics (NB) (25). Here, we perform
a comprehensive assessment of the post-vaccination humoral and cellular immune responses
and expand the follow-up period to six months after immunization. We show that patients
receiving benralizumab, mepolizumab, or dupilumab have lower SARS-CoV-2 antibody
levels, decreased neutralization ability, and reduced percentages of virus-specific B and CD8
T cells in comparison to controls with NB. In a subgroup analysis we found that PoB with
asthma had significantly lower pseudovirus neutralization than subjects with asthma who
were not on biologics (NB).

Subject enrollment.

We conducted a prospective, observational clinical study of patients being treated with anti-
IL-4 or anti-IL-5 biologics (benralizumab, dupilumab, or mepolizumab) for asthma or atopic
dermatitis. We called this group “patients on biologics (PoB)”. Patients were screened and
recruited from February 2021 to February 2022 from the dermatology and asthma clinics

at Emory University (Atlanta, Georgia), and University of Colorado (Denver, Colorado).
Subjects with chronic corticosteroid use and those with a prior history of COVID-19
infection were excluded (complete criteria in online supplement). As a control group we
used samples from subjects who were not being treated with biologics. These subjects were
concomitantly enrolled as immunologically healthy controls (IHC) that excluded conditions
with immunosuppression (see online supplement for complete inclusion/exclusion criteria).
We called this group “no biologics (NB)”. All research subjects from both study groups
(PoB and NB) received a 2-dose SARS-CoV-2 mRNA vaccination regimen with Pfizer-
BioNTech’s Comirnaty or Moderna’s Spikevax. Studies were approved by Institutional
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Review Boards at Emory University and University of Colorado. Peripheral blood samples
were collected at days 30, 60, 90, and 180 after the second vaccination (Figure E1).

Flow cytometry.

We used spectral flow cytometry (5L UV Cytek Aurora) to characterize B and T cell
populations. The online supplement contains complete antibody panel in tables E1 and E2,
and gating strategies in figures E2 and E3. For the quantification of antigen-specific B cells,
we used a tetramer-based detection of SARS-CoV-2 Spike and RBD proteins. To quantify
antigen-specific T cells, we performed an in vitro AIM (Activation Induced Markers) assay
previously described (29). We incubated peripheral blood mononuclear cells (PBMC) for
24 hours with commercially available SARS-CoV-2 Spike 15-mer sequences with 11 amino
acid overlap peptide pool (Miltenyi Biotec PepTivator Prot_S Complete) (29). Separately,
we incubated cells with Staphylococcal enterotoxin B (positive control) and a third well
with no antigens (negative control). After the 24-hour incubation, cells were washed and
stained with a mix of antibodies to assess the frequencies of AIM* T cells using markers

of activation specific for CD8 (CD69 and 4-1BB), CD4 (CD40L and OX40) and circulating
Ten (CXCR5 of AIM* CD4 T cells). Values were calculated after background (negative
control) subtraction and negative values plotted at zero.

Antibody binding through multiplex immunoassay.

Three S1-Receptor Binding Domain (RBD) proteins (GenScript) for three variant strains
of SARS-CoV-2: WT (Z03483), Delta (B.1.617.2; Z03613) and Omicron (B.1.1.529;
Z03728) were tested. In addition, WT Spike S1 protein (ACROBiI0systems SIN-C52H2)
was obtained. Each protein was expressed with an N-terminal His6-Tag to facilitate
purification, at least 90% pure and appeared as a predominant single band on SDS-PAGE
analysis. Proteins were coupled to MagPlex Microspheres of spectrally distinct regions
(Luminex; Austin, TX, USA) via carbodiimide coupling and tested against patient samples
as previously described (26). Serum and plasma samples were tested at 1:500 dilution

in duplicates. Results were analyzed on a Luminex FLEXMAP 3D instrument running
XPONENT 4.3 software. Median fluorescent intensity (MFI) using individual PE-conjugated
anti-1gG or combined (anti-lgA/anti-lgG/anti-IgM) detection antibodies on Enhanced PMT
setting. The background value of the assay buffer was subtracted from serum or plasma
results to obtain MFI minus background (Net MFI).

Pseudovirus neutralization.

We used pseudotyped lentiviruses against SARS-CoV-2 WT (Wuh-1), Delta (B.1.617.2)
and Omicron (B.1.1.529) BA.1 variants in a single-round-of-infection assay, as previously
described (7). To produce SARS-CoV-2 WT, Delta and Omicron pseudoviruses, an
expression plasmid bearing codon optimized SARS-CoV-2 full-length S plasmid (parental
sequence Wuhan-1, Genbank #: MN908947.3) was co-transfected into HEK293T cells
(ATCC#CRL-11268) with plasmids encoding non-surface proteins for lentivirus production
and a lentiviral backbone plasmid expressing a Luciferase-IRES-ZsGreen reporter, HIV-1
Tat and Rev packing plasmids (BEI Resources NR-53818). Pseudoviruses were harvested
after 48 hours post transfection. Pseudoviruses were mixed with serial dilutions (1:50 to
1:328,050) of serum or plasma and were incubated for one hour at 37 °C in a 5% CO»
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incubator, and thereafter added to monolayers of ACE-2-overexpressing 293T cells (BEI
Resources NR-52511), in duplicates. 48 hours after infection, cells were lysed, luciferase
was activated with the Luciferase Assay System (Bright-Glo Promega), and relative light
units were measured on a synergy Biotek reader. Statistical analysis was performed using the
software Graphpad Prism 9.0 for determination of ID5q (50% inhibitory dilution) through a
dose-response curve fit with non-linear regression. Data are shown in a logarithmic scale and
negative values are plotted at 1.99 log (lower limit of assay detection).

Live virus neutralization.

Four SARS-CoV-2 variants were tested: D614G, Delta (B.1.617.2), Omicron (B.1.1.529)
BA.1 and BA.2. D614G (hCoV-19/USA/GA-EHC-083E/2020, EPI_ISL_454690) and
BA.1 (hCoV19/EHC_C19 2811C, EPI_ISL_7171744) were isolated from residual
nasopharyngeal swabs from patients in Atlanta, GA. B.1.617.2 (SARS-CoV-2/USA/MD-
HP05647/2021) and BA.2 (SARS-CoV-2/USA/MD-HP24556/2022, EP1_ISL_8818457)
variants were kindly provided by Andy Pekosz. All viruses were isolated by plaque
purification on Vero-TMPRSS2 cells and passaged once prior to the generation of stocks.
Stocks were deep sequenced to confirm identity with original nasal swabs or stocks as
previously described (27). Live virus focus reduction neutralization tests (FRNT) were
performed as previously described (27, 28).

Data processing and statistical analysis.

Results:

For flow cytometry data analysis, we used FlowJo version 10.8.1. Statistical analyses

were performed using the software Graphpad Prism 9.5.0. To compare two groups, a
non-parametric Mann-Whitney U test was applied to assess for differences in medians.

To compare more than two groups, a Welch ANOVA test was performed. To analyze
samples with multiple logyg data points on the x-axis (days post-vaccination analyses), a
simple linear regression analysis with 95% confidence interval was performed. To assess
correlation, a Pearson r correlation test was performed assuming Gaussian distribution of the
data. A covariate analysis was used to assess for potential confounders. We considered all
p-values equal to or lower than 0.05 as statistically significant.

Clinical characteristics of study groups.

Between February and December 2021, we screened a total of 5,058 subjects. Among all
screened subjects, 4575 did not meet all inclusion criteria, 68 could not be reached, and 338
met exclusion criteria or did not consent to participate (Figure 1). A total of 125 subjects
participated in the study, 48 subjects enrolled as immunologically healthy controls (IHC)
not on biologics (NB) and 77 patients on biologics (PoB) with severe asthma or atopic
dermatitis. A total of 458 blood samples were collected. For those subjects who acquired
SARS-CoV-2 infection during the study or had serological evidence of prior COVID-19, we
removed their subsequent data points from the analysis. After excluding subjects with prior
COVID-19 or those meeting other exclusion criteria, we analyzed a total of 103 subjects (57
PoB and 46 NB). Table 1 shows the subjects’ demographic and clinical characteristics. We
found that 9 (20%) of the subjects enrolled in NB group as IHC had a diagnosis of asthma.

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Runnstrom et al.

Page 7

In the PoB we had 47 subjects with asthma, 19 (33%) had atopic dermatitis (AD), and 9
(16%) had both clinical indications for biologic use. The rate of asthma exacerbations per
subject with asthma in the previous year was 0.67 for the NB group vs 0.47 for the PoB
group. The use of inhaled corticosteroids (ICS) in patients with asthma was 66% for NB
group and 74% for PoB group.

Vaccination-induced SARS-CoV-2-specific antibody levels are lower in PoB.

We used a multiplexed bead-based fluorescence antibody detection assay to assess lower
levels of SARS-CoV-2 antibodies in samples from PoB and NB groups. Six months (day
180, +/- 50 days) after the second vaccination, we found that PoB had lower levels of
immunoglobulins (combined 1gG, IgM, IgA) against the wild-type (WT) SARS-CoV-2
Spike S1 protein (p=0.0008; Figure 2A) and receptor binding domain (RBD) (p=0.0034;
Figure 2B). We also found differences between the groups when we analyzed a narrower
6-month time point (day 180, +/- 15 days) (p=0.0059; Figure 2C) and for RBD-specific I1gG
alone (p=0.0039; Figure 2D). PoB also had a lower response against RBD Delta (p=0.0018;
Figure 2E) and Omicron variants (p=0.0186; Figure 2F).

PoB exhibit lower neutralization activity, breadth, and potency against SARS-CoV-2

viruses.

To further assess the function of subjects’ antibodies and their ability to prevent binding

of SARS-CoV-2 to ACE-2 receptors, we tested their neutralization capacities in a luciferase-
based pseudotyped neutralization assay. Consistent with their levels of SARS-CoV-2
antibodies, we found that PoB had lower neutralizing activity against SARS-CoV-2 WT than
NB at three (p<0.0001; Figure 3A) and six months (p<0.0001; Figure 3B). We also observed
lower neutralization activity against the Delta-variant in PoB compared to NB (p=0.0103;
Figure 3C).

Very few of our subjects had neutralizing activity above the assay’s limit of detection
against Omicron BA.1 and there were no significant differences between the two study
groups (p=0.5781; Figure 3D). By longitudinally plotting all samples analyzed during the
study follow-up period, we found that the difference in pseudovirus neutralizing activity
against WT SARS-CoV-2 between groups was maintained across time (Figure 3E and Table
E3 online supplement). Linear regression analysis showing the mean and 95% confidence
interval of all data points shown in Figure 3E revealed that the groups separate at day 30
after the second vaccination dose and maintain their differences throughout the length of the
study.

To validate results from the pseudotyped neutralization assay in a more biologically relevant
experimental system, we characterized a subset of samples (between days 69 and 105

after the second vaccination) using live virus neutralization. Consistent with the lower RBD-
specific antibody levels (Figure 2) and pseudovirus neutralization (Figure 3), we found that
the samples from PoB had reduced ability to block live SARS-CoV-2 viruses from infecting
ACE-2 expressing cells (Figure 4). We found a strong correlation among samples that were
tested in both live- and pseudovirus neutralization assays (Pearson correlation coefficient
0.67, 95% CI 0.46-0.81, Figure 4A). We observed statistically significant differences
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between groups when analyzing the variants D614G (viruses that circulated in the first
pandemic wave in 2020) (p=0.0069; Figure 4B), Delta (p=0.0205; Figure 4C), and Omicron
BA.2 (p=0.0219; Figure 4E). However, there was low overall live-virus neutralization
against the Omicron BA.1 variant and no significant difference between our study groups
(p=0.5665; Figure 4D).

Subgroup analyses: Biologic use, and not asthma, is the driving variable of the decreased
immunity observed.

We found the PoB with asthma had significantly lower pseudovirus neutralization than
subjects with asthma from the IHC who were not on biologics (NB). This was true at the
six-month time point post-vaccination and across the entire duration of the study (p=0.0003;
Figure 5A and 5B. These results are consistent with the biologics being the variable driving
the decreased pseudovirus neutralization in subjects with asthma.

Within the NB group, subjects with asthma and those without asthma had similar
pseudovirus neutralization across the length of the study (Figure 5C). This finding shows
that asthma is not associated with lower pseudovirus neutralization levels in subjects without
biologics.

Among PoB, there were comparable levels of neutralization between the patients treated
with benralizumab, dupilumab or mepolizumab (p>0.05; Figure 5D). Similarly, among PoB,
those with asthma had similar responses compared to patients with atopic dermatitis or those
with both diseases (p>0.05; Figure 5E). Furthermore, no differences were notable even when
stratifying by the degree of airflow obstruction (Figure 5F) or airway inflammation (Figure
5G). These findings show that PoB on biologics have low pseudovirus neutralization levels
regardless of their underlying clinical condition, degree of airflow obstruction, or airway
inflammation.

To further assess for confounding variables, we performed a co-variate biostatistical
analysis. After adjusting for differences in the baseline characteristics of age, race, gender,
and asthma status, we found that PoB had significantly lower values in the outcome
variables of antibody binding to Spike and RBD, pseudovirus neutralization, and live
virus neutralization than NB (p=< 0.05) (Table 2, first row). The adjusted covariates of
age, race, gender, and asthma status were not significant in predicting the outcomes (P >
0.05) in all except for the live virus neutralization where subjects with asthma actually
had a significantly higher neutralization than subjects without asthma. When analyzing
the longitudinal results across the duration of the study of all research subjects we found
that those on biologics had lower pseudovirus neutralization than those who were not on
biologics (Table E1 first row, online supplement). However, when we compared all subjects
with asthma to those without asthma there was not a statistically significant difference
between groups (Table E1 second row, online supplement).

In conjunction, these subgroup analyses and biostatistical adjustments for potential
confounders confirmed that the decreased immunity observed in the patients on biologics is
due to the use of biologics and not due to the underlying asthma condition.
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PoB exhibit lower frequencies of post-vaccination SARS-CoV-2-specific B and CD8 T cells
in peripheral blood.

Using multi-color flow cytometry to assess the magnitude of virus-specific B cells, we
constructed two-color fluorescently-conjugated tetramers of SARS-CoV-2 Spike and RBD
proteins with a panel of 28-color to immunophenotype the peripheral B cells. PoB exhibited
lower frequencies of Spike-specific (p=0.0371; Figure 6A) and RBD-specific B cells
(p=0.0420; Figure 6B) than NB at the six-month time point (day 130-250) after the

second vaccine dose. RBD-specific conventional memory B cells (IgD-, CD27+) were also
significantly lower in the PoB than in NB (p=0.0457; Figure 6C). We did not find significant
differences in the percentages of Spike or RBD-specific in other B cell subsets such as total
double negative B cells (DN; IgD~ CD27-) or their subpopulations DN1(CD21*CD11c¢")
and DN2 (CD21-CD11c*) (Figure E4 online supplement).

We performed an in vitro AIM assay (29) to characterize Spike-reactive T cells measuring
the expression of surface activations markers (CD40L and OX40 for CD4; CD69 and 4—
1BB for CD8 T cells) after a 24h PBMC stimulation with Spike overlapping peptides. We
found no significant differences in the magnitude of Spike-reactive CD4 T cells between the
groups (p=0.1976; Figure 6D). We did not observe significant differences in the percentages
of antigen-specific TFH cells (Figure E5 online supplement). However, Spike-reactive CD8
T cells were lower in PoB than in NB (p=0.0183; Figure 6E) and we detected a significant
reduction in the percentage of effector memory (Tg\) CCR7- CD45RA™ Spike-specific
CD8 T cells (Figures 6F and 6G; p<0.0001).

Discussion:

Our results show that patients with severe asthma or atopic dermatitis, treated with
benralizumab, dupilumab or mepolizumab have reduced antibody levels after SARS-CoV-2
mMRNA vaccination, compared to subjects not on biologics. This study is a robust and
comprehensive immunological analysis with a longitudinal follow-up after the primary
SARS-CoV-2 mRNA vaccination in PoB. We found reduced levels of antibodies as early as
one month that persisted to at least six months after the second vaccine dose.

We also found that sera from PoB had lower neutralizing ability against SARS-CoV-2 WT
and Delta variant. Since all subjects in our study received the initial vaccine targeting WT
SARS-CoV-2, it was not surprising that few individuals from both groups had detectable
neutralizing antibodies against the highly mutated Omicron-variant. PoB also had reduced
SARS-CoV-2 Spike- and RBD-specific B cells. This is consistent with the observed reduced
neutralization, given that most of the ascribed neutralizing antibodies target RBD (30).

As reduced neutralizing antibodies have been shown to afford less protection against
COVID-19 infection (31), PoB could therefore be at a higher risk of becoming infected
with SARS-CoV-2 than the general population. This study was not powered to investigate
whether a reduction of immunity translates into higher risk of infection or disease severity.
However, others have shown that dupilumab reduces the risk of severe COVID-19 (32).
This complex balance of viral immunity in protection and pathogenesis is not necessarily
mutually exclusive. So, it is possible that biologics decrease post-vaccination immunity but
also provide protection by reducing inflammation during acute COVID-19. We could make
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an analogy of how systemic corticosteroids can reduce vaccine responses but, at the same
time, decrease inflammation with severe COVID-19 disease (33).

Studies that have investigated the effect of asthma in post-vaccine immunity yield
conflicting results. Some showed reduced responses in asthmatics compared to healthy
controls after pneumococcal (34, 35) and influenza vaccination (36), while other studies
showed similar responses between the groups (37-39). Similarly, the impact of asthma

on COVID-19 severity is inconclusive (40-44). While one group found that COVID-19
vaccination was less effective at preventing COVID-19 hospitalization among asthmatics
with a recent hospitalization (43), the remaining studies did not specifically assess the
response after SARS-CoV-2 vaccination, and none of them independently assessed the risk
of biologic use. Despite mixed results from previous publications, we were not able to
explain the differences seen in our study by asthma as a disease.

Although there was not a perfectly paired control group of patients with severe asthma

not on biologics, we evaluated 9 subjects with asthma in the NB group (Table 1). Despite
the small number of subjects with asthma not on biologics, it was enough to consistently
demonstrate across several subgroup comparisons and biostatistical adjustments for potential
confounders that biologics and not the asthma condition is the variable responsible for the
diminished immunity seen in the PoB group (Figure 5, and tables 2 and E1).

Several patient characteristics can negatively impact vaccine response, such as age (45),
BMI (46, 47), and use of high-dose inhaled corticosteroids (48). Although many of these
characteristics have not been studied in the setting of COVID-19 vaccines, these factors
could have affected our results. For example, PoB in our study were not perfectly matched
to the NB group (Table 1). The PoB were on average older and more obese. To address
the issue of potential confounders, we performed statistical analyses adjusting for age,
race, gender, and asthma status. When adjusting for these covariates, the differences found
between PoB and NB groups still persisted (Table 2). Also, PoB had lower pseudovirus
neutralization than the NB group across different age and BMI ranges (Figures E6 online
supplement). The use of oral corticosteroid around the time of vaccination or sample
collection as well as the use of inhaled corticosteroids did not explain the differences

in pseudovirus neutralization seen between our groups (Figures E7, E8, and E9 online
supplement). Thus, collectively, after adjusting for baseline differences and performing
subgroup analyses, these potential confounders are unlikely to explain the differences
between NB and PoB. Interestingly, we found lower responses in the patients on biologics
who received the Pfizer-BioNTech versus Moderna vaccine at 6 months post-vaccination
(Figure E10 and E11 online supplement). These differences may be due to the higher
antigen dose and the longer interval between the doses in the Moderna vaccine strategy.

Our study shows that inhibition of the IL-4 or IL-5 pathways is associated with
decreased post-vaccination SARS-CoV-2 specific immunity. We did not find significant
post-vaccination differences among the patients on the individual biologics with different
mechanisms of action (Figures 5D), but our study was not powered to detect differences
between subgroups. Thus, further studies are needed. Since each biologic has a different
mechanism of action targeting different molecules and receptors, the mechanism of
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impairing post-vaccination immunity for each biologic will likely be different. For example,
the role of IL-4R inhibition may be important in the generation of germinal center antibody
secreting cells (ASC) whereas the IL-5/IL-5R antagonist may play a role in the survival and
maintenance of long-lived plasma cells (LLPC). We hypothesize that dupilumab targeting
IL-4 would impair activation of B cells in the germinal centers (GC) (10-12) and potentially
memory T cell responses (15). Since TFH IL-21 and IL-4 responses in the lymph node
(LN) GC are important in primary immune responses, blocking IL-4 responses may have
arole in generating ASC after primary vaccine responses with neoantigens such as in
COVID-19 vaccines. Similarly, patients on Dupilumab compared to healthy adults may
have no differences after secondary short-lived influenza vaccines since secondary vaccine
responses may not require GC responses and arise much faster at day 5-7. As for biologics
targeting the IL-5/IL-5R pathway, the inability to maintain durable antibody levels could be
by depleting ASC which express the IL-5RA on its surface such as mucosal ASC and bone
marrow LLPC (22). Thus, ASC within the tissue and BM microniches may be the targets of
benralizumab. The effects of IL-4, IL-5, and IL-13 in Th2 polarization are well established
but their role in the activation and effector function of T cells is less well documented

(49). Even though no quantitative differences were found in Spike-reactive CD4 T cells
between thegroups (Figure 6D), Spike-reactive CD8 T cells from PoB were decreased and
exhibited a lower effector memory polarization than NB (Figure 6E, 6F and 6G). These
results are consistent with a mouse study showing that IL-4 is necessary for the development
of memory CD8 T cells (13). We appreciate that to evaluate each biologic mechanism of
immune impairment would require much larger cohort, but so we hope to dissect these
immune mechanisms in future studies and use the current study to build on these findings.

In conclusion, this study offers important immunological insights of primary immunization
responses in PoB with identification of reduced antibody levels, neutralization activity, and
virus-specific B and CD8 T cells after 6-month. In all, PoB have lower post-vaccination
immunity and likely less protection against COVID-19. Due to the reduced post-vaccination
responses observed in PoB, we recommend following the Centers for Disease Control
recommendations regarding vaccination and infection prevention (50). Since uncontrolled
asthma has been associated with worsening outcomes in COVID-19 disease (51), we
encourage patients with severe asthma on biologics to continue their asthma-specific
therapies. Future studies will be needed to design better vaccine strategies for patients on
anti-1L4 or IL-5 therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Implications

Patients on benralizumab, dupilumab, or mepolizumab, had lower post-vaccination
SARS-CoV-2 immunity than subjects not on biologics which could place them at
increased risk of COVID-19 infection.
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Subjects Not on Biologics (NB) from the
Immunologically Healthy Control (IHC) cohort

48 subjects who were not on biologics (NB) were enrolled from a
cohort of immunologically healthy individuals. This cohort enrolls
subjects without significant immunosuppression.

Page 18

Patients on Biologics
(PoB)

5058 patients with severe asthma or atopic
dermatitis were assessed for eligibility

4575 patients did not meet initial criteria (majority not on

biologic, wrong diagnosis, <18 years old)
68 patients could not be reached

338 patients excluded (prior COVID-19, on IS, not long enough
on biologic, declined SARS-CoV-2 vaccination or > 3 months
since the second vaccination, or met other exclusion criteria)

77 patients on biologics (PoB) were enrolled in the
study.

A total of 125 subject were included in the study:
77 patients on biologics (PoB) and 48 subjects from the
immunologically healthy control (IHC) cohort not on biologics (NB)

4 subjects withdrew before starting.

After a second survey of criteria, 2 subjects from the NB
group and 16 from the PoB group were excluded because
they had prior COVID-19 or met other exclusion criteria.

458 total samples collected and data were analyzed from a total of
103 subjects (57 PoB and 46 NB)

Figure 1. Diagram of the enrollment of patients on biologics (PoB) and subjects not on biologics
(NB) from the immunologically healthy control (IHC) cohort in our prospective, observational
study.

COVID-19, Coronavirus disease 2019; IS, immunosuppression; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2.
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Figure 2. Antibody binding is correlated with antibody levels.
(A) Combined IgA, 1gG, and IgM immunoglobulins binding to WT SARS-CoV-2 Spike

1 protein measured at day 180 after V2 +/- 50 days. (B) Combined IgA, IgG, and IgM
immunoglobulins binding to WT SARS-CoV-2 RBD protein measured at day 180 after

V2 +/- 50 days. (C) Combined IgA, IgG, and IgM immunoglobulins binding to WT
SARS-CoV-2 RBD protein measured at day 180 after V2 +/- 15 days. (D) Immunoglobulin
1gG only binding to WT SARS-CoV-2 RBD protein measured at day 180 after V2 +/—

15 days. (E) Combined IgA, 1gG, and IgM immunoglobulins binding to the Delta-variant
SARS-CoV-2 RBD protein measured at day 180 after V2 +/- 50 days. (F) Combined

IgA, IgG, and IgM immunoglobulins binding to the Omicron-variant SARS-CoV-2 RBD
protein measured at day 180 after V2 +/- 50 days. NB, control subjects not on biologics;
PoB, patients on biologics include all subjects treated with benralizumab, dupilumab or
mepolizumab; IgA, Immunoglobulin A; IgM, Immunoglobulin M; IgG, Immunoglobulin G;
WT, wild-type; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; mRNA,
messenger ribonucleic acid; RBD, receptor-binding domain; MFI, median fluorescence
intensity; V2, second mRNA SARS-CoV-2 vaccination dose.

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 August 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Runnstrom et al.

Time point

SARS-CoV-2 Spike
variant pseudotyped

Page 20

Figure 3. Pseudovirus neutralization.
All comparisons were performed between subjects not on biologics (NB) and patients on

biologics (PoB) (A) Pseudovirus neutralization of WT SARS-CoV-2, comparison between
three months after V2. (B) Pseudovirus neutralization of WT SARS-CoV-2 six months after
V2. (C) Pseudovirus neutralization of Delta-variant SARS-CoV-2 six months after V2. (D)
Pseudovirus neutralization of Omicron-variant BA.1 SARS-CoV-2 six months after V2. (E)
Linear regression of data points from each group (NB and PoB) across the entire study
follow-up period. Their 95% confidence intervals are represented by the shaded area. For
all subfigures: the shaded area under 2 represents the lower limit of detection of the assay.
NB, control subjects not on biologics; PoB, patients on biologics include all subjects treated
with benralizumab, dupilumab and mepolizumab; V2, dose two of the SARS-CoV-2 mRNA
vaccine; WT, wild-type; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2;
mMRNA, messenger ribonucleic acid; D50, 50% inhibitory dilution.
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Figure 4. Live virus neutralization.
Samples collected between days 69 and 105 after the second MRNA SARS-CoV-2

vaccination (A) Correlation between live-virus neutralization and pseudovirus neutralization
for samples run on both assays. (B) Live-virus neutralization of D614G-variant SARS-
CoV-2. (C) Live-virus neutralization of Delta-variant SARS-CoV-2. (D) Live virus
neutralization of Omicron-variant BA.1 SARS-CoV-2. (E) Live virus neutralization of
Omicron-variant BA.2 SARS-CoV-2. For all subfigures: the shaded area under 20 represents
the lower limit of detection of the LVNT assay. NB, control subjects not on biologics;

PoB, patients on biologics include all subjects treated with benralizumab, dupilumab,

and mepolizumab; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; WT,
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wild-type; mMRNA, messenger ribonucleic acid; ID50, 50% inhibitory dilution; PVNT,
pseudovirus neutralization; LVNT, live virus neutralization.
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Figure 5. Subgroup analyses.
Pseudovirus neutralization of WT SARS-CoV-2, comparison between subjects with asthma

in the NB group and subjects with asthma in the PoB group (A) six months after \V2

and (B) across the entire study follow-up period. (C) Pseudovirus neutralization of WT
SARS-CoV-2, comparison between subjects with and without asthma in the no biologics
control group across the entire study follow-up period. (D) Pseudovirus neutralization of
WT SARS-CoV-2, comparison between different therapies (benralizumab, dupilumab, or
mepolizumab) among all PoB six months after V2. (E) Pseudovirus neutralization of WT
SARS-CoV-2, comparison between diseases (asthma, atopic dermatitis, or both) among all
PoB six months after V2. (F) Pseudovirus neutralization of WT SARS-CoV-2 of patients
with asthma on biologics stratified by the degree of airway obstruction across the entire
study follow-up period. In green: patients with asthma on biologics who have an FEV1
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of 82% of predicted or higher. In red: patients with asthma on biologics who have an
FEV1 of 81% of predicted or lower. (G) Pseudovirus neutralization of WT SARS-CoV-2
of patients with asthma on biologics stratified by degree of airway inflammation across
the entire study follow-up period. In red: patient with asthma on biologics who have a
FeNO of 60ppb or higher. In green: patients with asthma on biologics who have a FeNO
of 59 or lower. For subfigures A, D, and E: the shaded area under 2 represents the lower
limit of detection of the assay. For subfigures B, C, F, and G: the diagonal lines represent
the linear regression of data points from each group and their 95% confidence intervals
are represented by the shaded area. NB, control subjects not on biologics; PoB, patients

on biologics include all subjects treated with benralizumab, dupilumab and mepolizumab;
V2, dose two of the SARS-CoV-2 mRNA vaccine; WT, wild-type; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2; mRNA, messenger ribonucleic acid; D50, 50%
inhibitory dilution; ns, non-significant p>0.05; FEV1, forced expiratory volume in the first
second; FeNO, fractional exhaled nitric oxide.
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Figure 6. Flow cytometry assessment of SARS-CoV-2-specific B and T lymphocytes.
All data points in this figure are from days 130-250 after V2 (A-C) Fluorescently-

conjugated Spike and RBD proteins in a tetramer conformation were used to identify
ex-vivo SARS-CoV-2-specific B cells. All Spike-specific cell populations were identified
using double-labeling of fluorochromes. (A) Percentages of Spike positive cells of total

B cells. (B) Percentages of RBD positive cells of total B cells. (C) Percentages of RBD
positive cells of switched memory B cells (CD277, IgD"). (D-G) Ex-vivo PBMCs from NB
and PoB were incubated for 24-hours with Spike peptides, with Staphylococcal enterotoxin
B as a positive control, or with no antigens as a negative control. SARS-CoV-2 specific

T cells were quantified using markers of activation (CD40L and OX40 for CD4 T cells,

and CD69 and 4-1BB for CD8 T cells). SARS-CoV-2 specific values are calculated and
plotted as the experimental condition with Spike peptides minus the experimental condition
without peptides (negative control). (D) Percentages of CD40L* OX407 cells of total CD4
T cells. (E) Percentages of CD69* 4-1BB™ cells of total CD8 T cells. (F) Radar plot
showing the phenotypic distribution of SARS-CoV-2-specific CD8 T cells. (G) Comparisons
of Tgwm percentages of the SARS-CoV-2 specific CD8 T cells. PBMC, peripheral blood
mononuclear cells; NB, control subjects not on biologics; PoB, patients on biologics include
all subjects treated with benralizumab, dupilumab and mepolizumab; V2, dose two of

the SARS-CoV-2 mRNA vaccine; WT, wild-type; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; RBD, receptor-binding domain; mRNA, messenger ribonucleic
acid; Tgw, effector memory CCR7- CD45RA™; T, central memory CCR7+ CD45RA™;
Temra. terminally differentiated effector CCR7- CD45RA™, Ty, naive CCR7+ CD45RA™,

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 August 08.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Runnstrom et al.

Table 1.

Clinical and demographic characteristics of research subjects.
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Subjects Not on Biologics (NB) from
Immunologically Healthy Control (IHC)

Patients on Biologics (PoB)

cohort
Number of subjects 46 57
Average months on biologic prior to enrolment n/a 22
Demographics
Average Age 38 54
Male 14 (30%) 24 (42%)
Female 32 (70%) 33 (58%)
White 27 (60%) 26 (46%)
Black 7 (16%) 20 (35%)
Asian 10 (22%) 7 (12%)
Other 1 (2%) 4 (7%)
Average body mass index 26 31
Current smokers 0 (0%) 2 (4%)
Former smokers 6 (13%) 9 (16%)
Never smokers 39 (87%) 46 (81%)
Type of vaccine received
Pfizer-BioNTech 30 (67%) 36 (63%)
Moderna 15 (33%) 21 (37%)
Underlying clinical condition
Subjects with asthma 9 (20%) 47 (82%)
Subjects without asthma 37 (80%) 10 (18%)
Subjects with atopic dermatitis 0 (0%) 19 (33%)
Subjects with both asthma and atopic dermatitis 0 (0%) 9 (16%)
Clinical characteristics of subjects with asthma
Asthma exacerbations in the previous year 6 22
Asthma exacerbations per subject with asthma in the previous 0.67 0.47
year
Subjects with asthma on low dose ICS 10f 9 (11%) 2 of 47 (4%)
Subjects with asthma on medium dose ICS 2 of 9(22%) 17 of 47 (36%)
Subjects with asthma on high dose ICS 30f 9 (33%) 16 of 47(34%)
Subjects with asthma not on ICS 3 0f 9 (33%) 12 of 47 (26%)
Subjects on =5 mg oral prednisone daily 1 0f 9 (11%) 3 of 47 (9%)
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Table 2.
Covariate analysis
Antibody Antibody Antibody Pseudovirus Pseudovirus Live Virus
binding 1gG binding 1gG binding 1gG neutralization neutralization WT Neutralization
IgM, 1gA IgM, IgA RBD | only RBD WT WT Asthmatics in each D614G
Spike 1 WT WT group only
PoB vs. NB -34,778 (0.01) -33,776 (0.02) -36,253 -0.27 (0.05) -0.95 (<.0001) -130.66 (0.008)
(0.009)
Age -28.12 (0.94) -191.85 (0.60) 23.85 (0.95) -0.004 (0.25) -0.006 (0.14) -0.74 (0.56)
Race
Black -17,474 (0.28) -18,762 (0.26) -8,153.52 -0.25 (0.07) 0.03(0.82) -6.77 (0.86)
(0.62)
Asian -32,959 (0.09) -31,658 (0.11) | -17,623(0.36) -0.26 (0.25) -0.12 (0.62) 46.41 (0.39)
White 0.0 0.0 0.0 0.0 0.0 0.0
(ref)
Female vs -4,144.48 6,249.52 (0.58) -4,282.71 0.05 (0.61) 0.16 (0.19) -9.97 (0.76)
male (0.70) (0.70)
Asthma yes -2,582.92 1,627.50 (0.91) | 2,715.83 (0.84) -0.09 (0.48) 97.93 (0.03)
VS no (0.85)

Table 2 Legend: After adjusting for differences in the baseline characteristics of age, race, gender, and asthma status we found that PoB had
significantly lower values in the outcome variables of antibody binding and pseudovirus neutralization than NB (p =< 0.05, bold). The adjusted
covariates of age, race, gender, and asthma status were not significant in predicting the outcomes (P > 0.05) in all except for the live virus
neutralization where subjects with asthma actually had a significantly higher neutralization than subjects without asthma. The top number in each

box represents the difference in means between the groups compared. For age that is a continuous variable, it represents the change in the outcome

variable for every 1-year increase of age. The bottom number in parenthesis represents the p-value of each comparison. All comparisons in this

table were done at the 6-month timepoint after the second vaccination dose.
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